INTRODUCTION
Pediatric asthma is a chronic, heterogeneous disease of airflow limitation that can manifest with attacks commonly triggered by environmental exposures. 1 Exposure to environmental air pollution is known to trigger asthma attacks leading to unscheduled, urgent medical visits for asthma. Numerous studies have demonstrated increases in emergency department (ED) visits and hospitalizations in association with increasing concentrations of outdoor ambient pollutants. [2] [3] [4] [5] [6] [7] [8] Furthermore, increased concentrations of air pollution in urban environments has been deemed one of the contributors to asthma disparities between urban and non-urban populations. [9] [10] [11] However, spatial variation in concentration of pollutants exist within a community because of differences in point sources 12, 13 and traffic patterns; 14, 15 which may place children that live in neighboring areas at varying levels of risk for asthma attacks.
Similar to ambient pollutant concentrations, the prevalence of asthma is not evenly distributed throughout some urban communities. 16, 17 For example, asthma prevalence in New York City (NYC) among 4-5-year-old children has been shown to vary from 3 to 19% across adjacent neighborhoods. 17 In the NYC Neighborhood Asthma and Allergy Study (NYCNAAS), an asthma case-control study of children from middle income families, asthmatic children living in neighborhoods with higher asthma prevalence (HAPN) made more urgent, unscheduled medical visits for asthma compared to asthmatic children living in lower asthma prevalence neighborhoods (LAPN). However, indicators of asthma severity (e.g., lung function and airway inflammation) did not differ among asthmatic children living in the HAPN as compared with those in LAPN. 18 This suggests that neighborhood-level risk factors, other than asthma severity and access to health care, may contribute to the disparity in urgent medical visits between neighborhoods within a small geographic region.
Several studies have demonstrated that social and environmental stressors, including parental stress, 19, 20 chronic childhood stress 21 and exposure to violence 22 are associated with a stronger relationship between environmental pollutants and asthma development and symptoms. In an adult population in Northern California, Blanc and colleagues observed that neighborhood-level socioeconomic status (SES) predicted different asthma outcomes in low versus suburban SES neighborhoods. 23 A recent study in Atlanta, Georgia, demonstrated stronger associations between neighborhood-level air pollution and ED visits for asthma among children living in communities with extremely low neighborhood SES compared to higher SES neighborhoods. 24 While this study is very informative, neighborhood-level SES is only one element of the contextual community level characteristics that contributes to differential asthma risk. 25 The prevalence of asthma within a neighborhood, as assessed in the NYCNAAS, may be a better indicator that encompasses measured and unmeasured built, social and environmental risk factors within each community that contribute to increased risk of asthma development and morbidity.
Our objective was to determine if the relationship between ambient pollutants and unscheduled, urgent visits for asthma (primary physician or ED) varied between NYC neighborhoods with high vs. low asthma prevalence. We examined this relationship in a cohort of 7-8-year-old children with asthma in NYC specifically recruited to examine neighborhood differences in environmental exposures and asthma morbidity. Due to higher concentrations of pollutants in neighborhoods with higher asthma prevalence, we hypothesized that the relationship between exposure to pollutants and urgent medical visits for asthma would be greater for children living in HAPN.
METHODS

Study participants
Parents of children aged 7-8 years were recruited through a middle-income insurance provider for the NYC Neighborhood Asthma and Allergy case-control study (NYCNAAS), as previously described in detail. 18, 26 Briefly, neighborhoods were selected throughout the Bronx, Brooklyn, Queens, and Manhattan ( Fig. 1 ) based on zip code level asthma prevalence for 4-5 year olds as reported by the Department of Health and Mental Hygiene (DOHMH). 17 Asthma classification was based on a positive response to at least one of two questions completed by the child's physician: (1) an ICD-9 diagnosis code for asthma (493.XX) or (2) an indication of the child having "ever been diagnosed" with asthma. NYC DOHMH published United Hospital Fund (UHF) neighborhood level data for asthma prevalence among 4-5-year olds. These UHF geographies correspond to commonly described neighborhoods (e.g., East Harlem, the Upper East Side) and are a collection of zip codes. We used the reported prevalence for a UHF neighborhood as the prevalence for each of the zip codes in that neighborhood. The zip codes used both by NYC DOHMH and our study correspond to the residence of the child, not the school. Neighborhoods were stratified by zip code into higher asthma prevalence neighborhoods (HAPN, 11-18%) and lower asthma prevalence neighborhoods (LAPN, 3-9%). Children were recruited simultaneously from HAPN and LAPN throughout 2008-2011. Recruitment was conducted through a middle-income insurance provider to limit the potential for confounding by lack of access to insurance-based medical care. The neighborhood asthma prevalence served as a proxy encompassing measured and unmeasured built, social and environmental risk factors for high vs. low risk urban asthma. This study was approved by the Columbia University Institutional Review Board and informed consent was obtained from all participants.
Asthma definitions
Only children classified as having asthma were included in the current analysis. Asthma was defined, as previously published, 18, 26 by a report of at least one of the following during the preceding 12 months: (1) wheeze, (2) awakening at night by cough without having a cold, (3) wheeze with exercise, or (4) report of asthma medication use. Exercise-induced wheeze was defined by responding "yes" to: (1) wheezing after running or active play and/or (2) child's chest sounding wheezy during or after exercise. Because of the relatively low frequency of ED visits for asthma in this middle-income population with access to private insurance, we considered any unscheduled urgent visits for asthma as the outcome of interest. Urgent asthma visits were obtained by questionnaire and defined as any unscheduled visit to the doctor in a hurry or to the ED due to breathing difficulties in the past 12 months. This broad definition allowed us to capture a range of asthma exacerbations that required urgent medical attention as opposed to ED visits alone.
Air pollution exposure assessment Children's home and school addresses were linked through zip code to the NYC Community Air Survey's (NYCCAS) land use regression model for street-level ambient pollutant concentration. 27 NYCCAS collects pollution measures annually, during each meteorological season, using stationary site monitors, mounted 10-12 feet from the ground at 100 locations throughout NYC. Data were analyzed for annual average concentrations of nitrogen dioxide (NO 2 ), fine particulate matter (PM 2.5 ), elemental carbon (EC), summer average ozone (O 3 ) (June-August), and winter average sulfur dioxide (SO 2 ) (December-February). Annual average pollutant concentrations were matched to NYCCAS data published during the study recruitment period. For this crosssectional analysis, the use of annual average exposure reduced the influence of seasonal fluctuations in individual pollutants across the concurrent 1-year asthma outcome observation period. O 3 and SO 2 concentrations were reported by NYCCAS only in the summer and winter respectively due to high seasonal peaks and relatively low concentrations outside of those seasons. Pollutant concentrations were very highly correlated between home and school addresses for all pollutants (r spearman > 0.98, P < 0.01) as most children attended school in the neighborhood where they lived. Therefore, for the current analysis we used concentrations of pollutants at home addresses only.
Neighborhood built environment assessment
Children's home addresses were geocoded using the NYC Department of City Planning GeoSupport application. United States census data from 2000 was applied using geographic information systems (GIS) technology to determine the demographic (e.g. population, race, housing and education) characteristics of the community. Census data were apportioned according to the percentage of land area within a 0.5 km buffer surrounding the child's home address. Pollution point source variables were determined using methodology that was developed by Maatay and colleagues. 28 Truck route and street density were calculated as miles of roadway per km 2 within the 0.5 km buffer.
Statistical analysis
Chi-square tests (for categorical data) and T-tests (for continuous data) were used to compare demographic and clinical outcomes between HAPN and LAPN. Spearman correlations were used to compare pollutant concentrations to each other and Kruskal-Wallis tests were used to compare pollutant concentrations between HAPN and LAPN.
Modified Poisson regression models with robust standard errors were fit to determine the prevalence ratio (PR) of seeking urgent asthma care in the last 12 months for a given increase in pollutant concentration. Models were clustered on zip code of residence for children who lived in the same zip code. Results represent a PR per 1 unit increase in pollutant concentration. Final models were built based on the overall NO 2 model. Variables were selected from a pool of common covariates that are widely published in pediatric asthma research as having been associated with NO 2 exposure or urgent medical visits for asthma. Additional covariates were included based on differences that were observed between low and high asthma prevalence neighborhoods (e.g., apartment type). In prior work we demonstrated that the floor a child lives on within a building can directly influence indoor concentrations of street-level pollutants. 29 To account for social and family stress, we adjusted for maternal hardship that was determined if the parent responded yes to having concerns regarding food, housing, gas or electricity, clothing, or medical treatment in the preceding 12 months. Preventive asthma medication (e.g., inhaled corticosteroids) was selected as an indicator of asthma severity. Covariates remained in the model if the addition of the new variable resulted in at least one of the following: (1) a change in the parameter estimate for NO 2 being associated with urgent medical visits of >10%, (2) a P-value < 0.05 for the covariate, or (3) a decrease in the Quasi-liklihood under the Independence model Criterion (QIC) for the overall model. All final models included sex, race, Latino ethnicity, preventive asthma medication use, exercise-induced wheeze, environmental tobacco smoke exposure, maternal asthma, parental income, residential building type, apartment floor height, maternal hardship, truck route density, and neighborhood asthma prevalence. In separate models, an interaction term was tested to determine if neighborhood asthma prevalence modified the association between pollutants and urgent asthma care. Models then were stratified by neighborhood asthma prevalence. In secondary analysis, models were further stratified by dust mite allergen (derf1), because of the potentiating effect of dust mite allergen and air pollutants on respiratory outcomes. 30 Additionally, we stratified by floor of the child's residence within the apartment, to assess if children that lived closer to street level (floors 0-2) had a stronger association between street-level modeled pollutants and urgent asthma compared to children that lived on higher floors. All statistical analyses were performed using SAS 9.4.
RESULTS
Participant characteristics
Demographic characteristics for the 190 asthmatic children included in this analysis are displayed in Table 1 . More children in HAPN lived in apartment buildings (P < 0.01) and on higher floors (P < 0.01) compared to children in LAPN. As previously reported, 31 more asthmatic children in HAPN had exerciseinduced wheeze (P = 0.02) and urgent asthma visits (P = 0.04) compared to children in LAPN. (Table 1) . Additionally, a greater percentage of the adult population in LAPN had a high school degree or higher compared to HAPN (72% (1.0) vs. 60% (1.0), P < 0.01) ( Table 1 ).
Air pollution concentrations
Street level-modeled concentrations of NO 2 , PM 2.5 , EC, and SO 2 were all highly correlated (r spearman > 0.66, P < 0.01) (Supplemental Figure S1 ), while O 3 concentrations were inversely correlated with the other pollutants (r spearman > −0.54, P < 0.01) (Supplemental Figure S1 ). As anticipated based on prior NYCAAS reports, 32 annual average concentrations of NO 2 , PM 2.5 , EC, and SO 2 were higher in HAPN than in LAPN (P < 0.01) (Supplemental Figure S2) . O 3 was higher in LAPN (P < 0.01) (Supplemental Figure S2 ). The percent of land coverage by point sources of air pollution within a 0.5 km buffer was greater near HAPN homes (mean (SD): 12% 20 ) compared to LAPN homes (5.5%, 13 P < 0.01). Also, truck route density was greater near HAPN homes (2.3 km 2 (1.4)) compared to LAPN homes (1.8 km 2 (1.1), P = 0.02). Yet, there was no difference in street density between HAPN (17 km 2 (3.2)) and LAPN (17 km 2 (2.9), P = 0.98).
Relationship between pollutants and urgent asthma visits
Overall, higher mean concentrations (±SD) of NO 2 were observed among children that reported urgent asthma visits (25.8 ppb (2.98)) compared to children that reported no urgent asthma visits (24.1 ppb (3.41), P < 0.01). Similarly, concentrations of PM 2.5 and EC were higher among children that reported urgent asthma visits (PM 2.5 : 11.1 μg/m 3 (0.73); EC: 1.15 μg/m 3 (0.16)) compared to children with no urgent asthma visits (PM 2.5 : 10.7 μg/m 3 (0.85); EC: 1.07 μg/m 3 (0.18), P < 0.01 for both). In multivariable regression models higher exposure to pollutants was associated with greater prevalence (PR) of urgent asthma visits (NO 2 : PR = 1.11, 95% CI [1.01, 1.22]; Table 2 ).
Effect modification by neighborhood asthma prevalence An interaction term was introduced to all models and demonstrated that neighborhood asthma prevalence modified the association between pollutants and urgent asthma visit (NO 2 : P interaction < 0.01, O 3 : P interaction = 0.03, and SO 2 : P interaction < 0.01) ( Table 2) . Findings were only observed among children in LAPN where higher exposure to pollutants was associated with a greater prevalence ratio of urgent asthma visits (NO 2 : PR = 1.38, 95% CI [1.08, 1.76] and SO 3 : PR = 1.85, 95% CI [1.04, 3.29], Table 2 , Fig. 2 ). An inverse association was observed between O 3 and urgent asthma (PR = 0.58, 95% CI [0.38, 0.89], Table 2 , Fig. 2) ; however, when this model was further controlled for summer NO 2 concentration to account for the known scavenger effect of O 3 , the association was attenuated (PR = 1.20, 95% CI [0.95, 1.51], P = 0.34). No significant associations were observed between pollutants and urgent asthma visits among children in HAPN (P > 0.05) (Table 2, Fig. 2) . Maternal hardship was a significant covariate (P < 0.05) in all of the HAPN models but none of the LAPN models.
Secondary analysis
Previous studies have demonstrated a potentiating effect of dust mite allergen and air pollutants on respiratory outcomes 30 and previously we demonstrated greater dust mite allergen concentrations in LAPNs, 18 therefore we examined if the relationship between pollutants and urgent asthma differed by exposure to dust mite allergen (derf1). In secondary analysis in LAPN, we observed a greater impact of pollutants (NO 2 , PM 2.5 , O 3 , and SO 2 ) on urgent asthma visits among children with no dust mite allergen detected in house dust compared to children with detectible dust mite allergen ( Supplemental Table S1 ).
To assess if children in HAPN that lived closer to street level (floors 0-2) had a stronger association between street-level modeled pollutants and urgent asthma compared to children that lived on higher floors we stratified analysis by apartment unit floor. Again we observed no significant association between pollutants and urgent asthma visits among children in HAPN; however, there was a non-significant trend toward a positive association between NO 2 and urgent asthma visits among children in HAPN that lived on floors 0-2 (PR = 1.42, 95% CI [0.92, 2.20], P = 0.11, Supplemental Table S2 ). Our case definition of asthma was intentionally more sensitive; however, this diminishes its specificity. To confirm the robustness of our findings, we conducted sensitivity analysis for which asthma was defined as having a report of wheeze-related symptoms ≥4 times or sleep disturbance ≥1 time per week in the past 12 months. The magnitude of our parameter estimates was reduced, possibly due to reduced power with the smaller sample size (n = 78 asthmatics), all results remained statistically significant ( Supplemental Table S3 ).
DISCUSSION
In our cohort of 7-8-year-old children with asthma, from middleincome families throughout NYC, both the frequency of urgent asthma visits and the concentrations of ambient pollutants were higher for children living in the neighborhoods with higher as compare with lower asthma prevalence. However, despite this and contrary to our hypothesis, neighborhood-level outdoor pollutant concentrations were associated with increased urgent asthma care only among children living in LAPN. The lack of association between outdoor neighborhood pollution and urgent asthma visits in HAPN could suggest that additional unmeasured environmental, biological, and social factors may have more influence on urgent asthma visits in high risk children from middle income families living in HAPN compared to LAPN.
Recently, O'Lenick and colleagues conducted a similar population based study in Atlanta, Georgia using hospital records of pediatric ED visits for asthma and simulated pollution estimates from stationary monitors throughout the city. 24 The authors reported stronger associations between air pollution and asthma ED visits among children living in extremely poor communities (≥20% of population below federal poverty level) compared to less poor communities (<20% below poverty level). Similarly, in a population based adult study in NYC, Kheirbek and colleagues observed higher air pollution attributed asthma ED visits in high poverty neighborhoods compared to low poverty neighborhoods. 13 Our study was not designed to assess differences in pollution and urgent asthma by neighborhood poverty level alone; rather, we used neighborhood asthma prevalence as a proxy for measured and unmeasured built, social and environmental factors, including poverty, that contribute to higher vs. lower asthma risk. Interestingly we observed a paradoxical findings, whereby the observed relationship between pollution exposure and urgent asthma visits was strongest among children living in less impoverished and lower asthma risk neighborhoods.
A distinct difference between the aforementioned studies and ours is that we sampled only children from middle income families in both high and low risk asthma neighborhoods. The children recruited from HAPN lived in communities that had a greater percentage of residents that lived below the federal poverty level and were on public assistance compared to children from LAPN. However, household incomes and access to health care (private insurance) did not significantly differ between the two groups of children in our study. Thus, the children from our study that lived in HAPN did not necessarily represent their neighborhood characteristics. Neighborhood characteristics and social influences (e.g., stress and violence) 33 that may be more prevalent in HAPN than LAPN, could play a greater role in asthma exacerbations and urgent asthma care in middle income families living in these neighborhoods versus exposure to pollutants alone. This is supported by the observation that maternal hardship was a significant covariate (P < 0.05) in all of the HAPN models but none of the LAPN models (data not shown). In addition, populationbased studies may be subject to ecological fallacy whereby inferences about individuals are presumed from inferences for the group that the individuals come from. A strength of our study is that we assessed urgent asthma outcomes on the individual level.
Another explanation for the observed association between air pollution and urgent asthma care only in LAPN could be due to biological interactions between pollutants and allergens. Previously we reported that homes in LAPN had higher concentrations of house dust mite allergen, while HAPN homes had higher concentrations of cockroach and mouse allergen. 18 In one study of adults with asthma, inhalation of NO 2 followed by inhalation challenge with house-dust mite allergen triggered greater reduction in forced expiratory volume in 1 s (FEV 1 ) than challenge with house-dust mite allergen alone. These findings suggest that pollutants can potentiate the impact of dust mite allergen exposure on airway disease. 30 However, we observed the opposite in our cohort. In children living in LAPN the relationship between pollutants and urgent asthma was attenuated among those with detectible dust mite allergen exposure compared to children with no dust mite. This contradictory finding warrants further investigation in a larger cohort.
Additionally, more children in HAPN lived on higher floors compared to children in LAPN and thus, may have been less affected by street-level pollutants compared to children in LAPN that lived on lower floors. Previously we have demonstrated that both the height of an urban building and the floor height that the child lives on can directly influence indoor concentrations of street-level pollutants; low-rise buildings and apartments on floors 0-2 have higher concentrations than homes on higher floors. 29 Although we had limited power for subgroup analysis, we observed a slight trend toward a greater association between NO 2 and urgent asthma among children in HAPN that lived on lower floor apartment units. Thus, in NYC, annual outdoor pollutant exposure measured at the street level may be a more important predictor of urgent medical visits for asthma among children living in LAPN homes because more children in LAPN live at or near the street level. This association should be confirmed in a larger study population.
We observed higher concentrations of O 3 in LAPN compared to HAPN and an unanticipated inverse relationship between O 3 and urgent asthma visits in LAPN. Higher concentrations of other combustion related pollutants at street-side are known to result in lower concentrations of O 3 within urban areas. 27 This may explain why O 3 concentrations were lower in the more dense traffic, HAPNs. The negative association between O 3 and urgent asthma visits in LAPN is likely confounded by traffic exposure. Hence, when we further controlled for summer average NO 2 as an indicator of traffic pollution exposure, we no longer observed an association between O 3 and urgent asthma visits in LAPN.
Although this study offers new insights into the relationship between exposure to pollutants and urgent asthma in an urban environment, it has several limitations. Street-level modeled concentrations of pollutants are not equivalent to personal or residential concentrations; therefore we have not fully accounted for individual exposure to all pollutants. However the geographically dense monitoring network and land use regression models that are part of the NYCCAS dataset provide fairly high spatial resolution for the modeled air pollutants and allow one to estimate annual trends. Like other cross-sectional studies, ours was unable to demonstrate temporality and causality. In particular, our study design limited the ability to assess the temporal relationship between short-term spikes in pollution and urgent asthma visits. Similarly, our asthma outcome was assessed over the preceding 12 months included both summer and winter seasons, therefore it was impossible to disentangle the true impact of summer O 3 concentration on summer urgent asthma visits. Also, the study may have been affected by non-differential misclassification as parents in HAPN may have been more likely than those in LAPN to recall asthma exacerbations. However, all the children had asthma, presumably a stronger risk factor for bias than neighborhood asthma prevalence. And to the extent that neighborhood prevalence resulted in bias, our results would have been biased towards the null hypothesis. While our case definition of asthma was intentionally broad thus capturing a potentially milder population of asthmatics, in sensitivity analysis among children with more frequent symptoms we observed similar relationships between pollutants and urgent asthma that differed by neighborhood asthma prevalence.
Overall, our findings support the link between high exposure to ambient pollutants and asthma exacerbations that require urgent medical care, especially in LAPN. The differences observed across adjacent neighborhoods may suggest a plateauing effect whereby increasing pollutant concentrations beyond a threshold contribute less to the risk of urgent asthma visits in HAPN. Thus, spatial variation in exposure to air pollution across adjacent neighborhoods within a city, coupled with other social and environmental factors, may lead to differing patterns of susceptibility in pediatric asthma. Given our findings in LAPN that had lower pollutant concentrations, efforts to improve air quality should be targeted at urban neighborhoods with both high and low exposure to pollutants to help address the disparity in pediatric asthma disease burden.
